ABSTRACT Data are presented that lead to an alternative model for the organization and molecular dynamics of lipid molecules near the Ca2+-stimulated, Mg2e-dependent adenosinetriphosphatase (Ca2+-ATPase; ATP phosphohydrolase, EC 3.6.1.3) of sarcoplasmic reticulum. Measurements of the steady-state fluorescence anisotropy of 1,6-diphenyl-1,3,5-hexatriene in progressively delipidated sarcoplasmic reticulum membranes have been quantitatively interpreted in terms of a layer of lipid of high anisotropy (the lipid annulus) coexisting with lipid layers of very low anisotropy. In addition, the Ca2+-ATPase has been reconstituted into pure 1,2-dipentadecanoyl 3-sn-phosphatidylcholine membranes over a range of lipid-to-protein ratios. The effect of an intrinsic membrane protein on the molecular structure and dynamics of its surrounding lipid bilayer has been the subject of intense debate in recent years. Mainly on the basis of ESR and fluorescent probe studies, it is widely believed that proteins inserted into the membrane tend to restrict the motion of neighboring lipid molecules (see refs. 1 and 2 for reviews). These studies have suggested the coexistence of normal and motionally restricted bilayer domains within proteincontaining membranes (3-5). The restricted, protein-associated domain is frequently referred to as "annular" (5) or "boundary" (3) lipid. However, there is not universal agreement with this view. The major objection to this simple model has been that deuterium nuclear magnetic resonance (21H NMR) probes display a spectrum characteristic of a more disordered environment in protein-lipid recombinant membranes than in pure lipid bilayers (6, 7) . A possible resolution of the apparent disparity between ESR and 2H NMR has been suggested in terms of both the different time resolutions of these two techniques and a proposed disordered protein surface (6, 8) . Other objections to the boundary model have stressed protein aggregation as a possible source of "trapped" and therefore motionally inhibited lipid (9, 10) or the fact that quantitative data analysis suggests the presence of more than just boundary and normal lipids in membranes containing intrinsic proteins (11) (12) (13) (14) .
The effect of an intrinsic membrane protein on the molecular structure and dynamics of its surrounding lipid bilayer has been the subject of intense debate in recent years. Mainly on the basis of ESR and fluorescent probe studies, it is widely believed that proteins inserted into the membrane tend to restrict the motion of neighboring lipid molecules (see refs. 1 and 2 for reviews). These studies have suggested the coexistence of normal and motionally restricted bilayer domains within proteincontaining membranes (3) (4) (5) . The restricted, protein-associated domain is frequently referred to as "annular" (5) or "boundary" (3) lipid. However, there is not universal agreement with this view. The major objection to this simple model has been that deuterium nuclear magnetic resonance (21H NMR) probes display a spectrum characteristic of a more disordered environment in protein-lipid recombinant membranes than in pure lipid bilayers (6, 7) . A possible resolution of the apparent disparity between ESR and 2H NMR has been suggested in terms of both the different time resolutions of these two techniques and a proposed disordered protein surface (6, 8) . Other objections to the boundary model have stressed protein aggregation as a possible source of "trapped" and therefore motionally inhibited lipid (9, 10) or the fact that quantitative data analysis suggests the presence of more than just boundary and normal lipids in membranes containing intrinsic proteins (11) (12) (13) .
In this communication, we (14) .
MATERIALS AND METHODS
Microsomes containing the Mg2+-dependent, Ca2+-stimulated adenosinetriphosphatase (Ca2+-ATPase; ATP phosphohydrolase, EC 3.6.1.3) were isolated from rabbit white muscle and delipidated with sodium cholate as described (13) , resulting in membranes containing endogenous phospholipid at various lipidto-protein ratios, and in which the protein content was 90% Ca2+-ATPase. These were used in our fluorometric studies. For calorimetric studies, such membrane preparations were further delipidated by precipitation with polyethylene glycol and remaining native lipids were replaced by synthetic 1,2-dipentadecanoyl 3-sn-phosphatidylcholine [(C15)2-PtdCho; Avanti Biochemicals] in the presence of sodium deoxycholate, using procedures similar to those previously described (15) . The only modification was removal of solubilizing detergent by dialysis for hr at the lipid pretransition temperature (220C), followed by incubation of the reconstituted membranes for 3 hr at 38°C. Freeze-fracture electron micrographs, prepared by jetfreezing (15) , revealed membranous morphology, although closed vesicles were not always observed, especially for samples with very high or very low lipid-to-protein ratios. Membrane morphology remained unchanged for months in frozen samples stored at -70°C and was unaffected by storage above the lipid phase transition for several hours. Less than 1 mol % native lipid could be detected in the replaced membranes by gas chromatographic analysis (15) . Contamination by residual deoxycholate was always less than could be detected by ['4C]deoxycholate radioactivity (usually _ 0.01 mol per mol of Ca2+-ATPase). After solubilization in dodecyloctaoxyethylene glycol monoether (16) , all native-lipid and lipid-replaced samples showed 80-100% native Ca2+-ATPase activity (15) .
Steady-state measurements of 1,6-diphenyl-1,3,5-hexatriene (DPH) fluorescence anisotropy were made on a Perkin-Elmer MPF-3 spectrofluorometer (17) and were corrected for lightscattering depolarization (18) . DPH was incorporated into naAbbreviations: SR, sarcoplasmic reticulum; Ca2+-ATPase, Mg+-dependent, Ca2+-stimulated adenosinetriphosphatase; (Cl5)2-PtdCho, 1,2-dipentadecanoyl 3-sn-phosphatidylcholine; DPH, 1,6-diphenyl-1,3,5-hexatriene.
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tive lipid membranes by injection of a small volume (<1 ,ul) of a tetrahydrofuran solution of DPH at room temperature, followed by incubation at 40C overnight. DPH-to-lipid ratios were maintained in the range of 1:300 to 1:500.
Heat capacity profiles were obtained on lipid-replaced membranes by using a high-sensitivity differential scanning calorimeter (Tronac 750) especially built for us by Roger Hart of Hart Scientific (Orem, UT). This calorimeter is a modification of a design used previously by Suurkuusk et aL (19) and is highly sensitive to changes in heat capacity, as required to detect the broad and subtle lipid phase transitions reported here. Ca2+-ATPase-containing membranes used for calorimetry were suspended in 0.1 M KCI/1 mM MgCl2/0.01 M 2-{tris(hydroxymethyl)methyl]amino}ethanesulfonic acid (Tes) buffer, pH 7.5, containing 20% glycerol, which was essential for maintenance of Ca2+-ATPase activity during the 6-8 hr required for heating and subsequent cooling scans at rates of ± 15'C/hr.
RESULTS
In Fig. 1 , we show the dependence of DPH fluorescence anisotropy on protein and lipid content of native and partially delipidated SR membranes. Earlier, we tested the ability of the boundary lipid model to fit these data, using the assumption of two independent lipid domains (13 [1] in which Z1 is the intensity-weighted mol fraction of DPH lo- ATPase content ofpartially delipidated SR membranes. Data at 10 (e), 25 (A), and 370C (n) have been reported (13) . New data are presented for 15 (o), 20 (A), and 300C (n). Calculated anisotropies (13) Fig. 2 for each of the six temperatures shown here.
cated in the boundary domain. The calculation of Z1 is detailed in appendix B of ref. 13 . The anisotropies calculated according to this boundary lipid model are shown by broken curves in Fig. 1 . As previously noted (13), the calculated anisotropies failed to reproduce the experimental data above 20°C. As a possible explanation, we now propose that beyond the annular layer of lipid there is a "secondary" lipid domain having a disrupted packing order relative to that of bulk lipid. Indeed, because of the low lipid-to-protein ratio in native SR membrane (ca. 100 lipid molecules per Ca2+-ATPase), we suggest, as a first approximation, that this membrane contains no lipid characterization by the anisotropy observed in a protein-free lipid bilayer.
In order to test this disrupted secondary lipid domain model, we varied the DPH fluorescence anisotropy assigned to the nonboundary lipid (r2 in Eq. 1) for each temperature in Fig. 1 so as to obtain the best fit of calculated average anisotropies (Eq. 1) to the observed data (nonlinear least-squares method). At each temperature, this procedure reproduced well the experimental data, as shown by the solid curves of Fig. 1 . The r2 (secondary lipid anisotropy) values generated in this way are plotted in Fig. 2 and turned out to be linearly dependent on temperature. This meant that only a single adjustable parameter (dr2/dT in Fig. 2 ) was required to completely describe the variation of overall DPH fluorescence anisotropy with both temperature and protein content in the SR membrane.
The number of lipids associated with the boundary domain was fixed at 34 lipid molecules per Ca2+-ATPase on the basis of previous activity (5) For this reason, we tested the sensitivity of our calculations to the boundary lipid-to-protein ratio. We found the fit to be essentially unaffected by assuming a lipid-to-protein ratio of 30 instead of 34 (Fig. 2) . However, assuming a value of 25 (9, 20) .
To test the ability of a variable boundary lipid model to account for our data, we tried to fit our experimental data by varying either the size of the boundary domain, a, or the fluorescence anisotropy associated with this domain, ri, while keeping r2 fixed at the value observed in a pure lipid bilayer. In both instances, a good fit to experiment was obtained only when different values of either a or r1 were assigned for each experimental point shown in Fig. 1 Fig. 3 . At an infinite lipid-toprotein ratio [pure (C15)2-PtdCho in Fig. 3 (Table 1 ) and a subtle shoulder at 27-290C (Fig. 3) . By a lipid-to-protein ratio of 57, the shoulder at 27-290C became the major remaining peak (Fig.  3) . For all samples examined, the base line was reached on either side of the peaks by 21.5 and 38.50C. The heat capacity was integrated between these limits by using a first-order fit to the base line and a discontinuity at the peak (24 (24) , the phase transitions observed in our reconstituted samples seemed not to reflect changes in membrane lateral organization. Freeze-fracture electron micrographs of our preparations showed a uniform distribution of intramembranous particles, at least for 164 or fewer lipid molecules per protein molecule (unpublished data). In addition, no differences in particle organization were observed on either side of the low-temperature heat capacity peak seen in Fig. 3 . Thus, the different peaks observed in our heat capacity profiles (Fig. 3) should reflect transitions in local lipid domains surrounding the Ca2+-ATPase rather than formation of protein-rich and lipid-rich patches.
The broad and subtle heat capacity peaks observed for all hpid-to-protein ratios must be due to domain. On the other hand, our calorimetric results on synthetic lipid membranes clearly favor the proposal that the lipid immediately beyond the primary annular layer is considerably altered in structure by the presence of the Ca2+-ATPase. Therefore, the secondary lipid domain model accounts for both our fluorometric and calorimetric data. This secondary lipid domain appears on the basis of our fluorescence results to contain disordered acyl chains relative to a protein-free lipid bilayer, especially at high temperature (see Fig. 2 ). By contrast, our calorimetric experiments do not sense directly the structure of this. region, but rather the nature -of the phospholipid phase transition which it undergoes. Nonetheless, the reduced enthalpy, the decreased cooperativity, and the lowered phase transition temperature relative to pure phospholipid membranes suggest that the low-temperature phase is thermodynamically less stable due to disrupted lipid packing caused by the presence of the protein. Fig. 5 illustrates the proposed variation of packing order with distance from the Ca2+-ATPase. The disordered region just beyond the annulus results from the difference in lipid packing between the annular layer and the protein-unaffected bilayer further from the protein-lipid interface. The extent of the disrupted region and the severity of the disorder will depend both on the relative cross-sectional areas of the protein and lipids and on the detailed shape of the protein surface. In addition, the disordered region is not expected to be uniformly disordered or to be unaffected by changes in the lipid-to-protein ratio. Thus, we do not observe a single, well-defined, heat capacity peak for protein-affected lipid at all lipid-to-protein ratios, but rather a broad profile whose peak shifts somewhat for different ratios (Fig. 3) . In this sense, the enthalpy calculated from Fig. 4 for the phase transition of the disrupted lipid layer must be considered an average value associated with a range of detailed local lipid structures. We now comment on the relationship between our results and previous literature reports. First (20) . Nonetheless, the overall spectrum still showed a significantly broadened component consistent with an immobilized boundary layer (20) . In the same vein, recent Fourier transform infrared spectroscopic data have been interpreted as reflecting imperfect lipid packing in the presence of the protein even when the lipid acyl chains are in an ordered configuration (27) . These results are consistent with our model but would be difficult to interpret in terms of a boundary layer coexisting with unperturbed bulk lipid.
In fairness, we must note that some ESR spectral subtraction studies of cytochrome oxidase recombinant membranes (28) or delipidated/lipid-replaced SR membranes (10) have concluded that lipids just beyond the lipid annulus are more restricted in their motion than bulk lipid. This is in opposition to the model reported here and apparently also to the ESR, 2H NMR, and infrared spectral data discussed above. This conclusion essentially rested on the observation of a slightly broader spectral line, relative to a pure lipid spectrum, in the resolved secondary lipid spectrum after subtraction of a delipidated membrane spectrum. This could result from slower or restricted probe motion or from heterogeneity of probe binding sites in the secondary lipid domain. Our model suggests disrupted lipid packing, but does not address the possibility of slower probe (and consequently acyl chain) motion. However, our model implies site heterogeneity and is, therefore, consistent with one possible interpretation of the ESR results quoted (10, 28) .
Finally, analysis of the noise associated with ionic conductance through black lipid membranes has led to the suggestion that proteins may induce bilayer fluctuations that increase the probability of individual ionic permeation events (*). 
